To explore the best prime-boost regimen and evaluate the T-cellular response memory against HCV, we constructed two DNA vaccine candidates (pVRC-CE1E2 and pAAV-CE1E2) and two recombinant viruses (rTTV-E1E2 and rAAV-E1E2) and then assessed the immune response to different prime-boost patterns in BALB/c mice. The rTTV-E1E2 boosted the immune response to HCV DNA vaccine prime significantly, and the inverted terminal repeat sequence harboring DNA construct PAAV-CE1E2 was the best prime agent in this study. Our study provides new information for both the prime-boost regimen and long-term T-cell response for HCV vaccine development.
Introduction
For certain infection, T-cells are central to acquired immunity [1] [2] [3] [4] . Studies have shown that the control of acute HCV infection is associated with vigorous, broadly directed, and sustained activation of HCV-specific T-cells [2] [3] [4] . Thus, engineering an efficient adaptive immune response, especially the T-cell response, should be the goal of a HCV vaccine strategy [2, 3] .
DNA immunization has been used to induce either humoral or cellular immune responses against various viral, bacterial, and parasitic pathogens [5, 6] . Immune responses induced by DNA immunization can be enhanced or modulated by the molecular adjuvant, plasmid design strategies (choice of antigen or multiple Abbreviations: HCV, hepatitis C virus; IFA, immunofluorescence assay; ITR, inverted terminal repeat; rAAV, recombinant adeno-associated virus; rTTV, recombinant vaccinia TianTan strain; VV, vaccinia virus; SFCs, spot-forming cells; TKR, right thymidine kinase; TKL, left thymidine kinase.
* antigens, and T-cell epitope adjustment), the method and location of immunization, and vaccine regimens [5] [6] [7] [8] . Many vaccines are enhanced by combining DNA with other vaccines in "prime-boost" regimens [5, 7, 8] , in which the boosting vaccine is often a recombinant viral vector or purified protein subunit. Vaccine strategies that involve primary vaccinations with a DNA vaccine followed by boosting with a recombinant virus vector encoding the same immunogen have emerged as the favored approach for generating protective CD8 T-cell responses against many diseases, including HIV, malaria, and cancer [5, [7] [8] [9] .
The pVRC vector was used in DNA vaccine developments against SARS-CoV, highly pathogenic avian influenza virus (H5N1), and HIV-1 virus infections, and elicited a much stronger immune response compared to regular DNA vaccine vectors such as the pcDNA 3 series [6] . Studies have shown that the inverted terminal repeat (ITR) [cis-acting elements required for packaging, integration, and replication that flank the adeno-associated virus (AAV) genome] of AAV may strengthen the immunity of DNA vaccines [10, 11] . Meanwhile, DNA immunity can be boosted by different viral vectors or proteins, of which, the most popular vectors being derived from adenovirus and poxvirus [5, [7] [8] [9] .
In this study, we constructed a pVRC-CE1E2 plasmid and a pAAV-CE1E2 plasmid, both of which encode the HCV core (C) and envelop glycoproteins (E1 and E2). We also constructed two recombinant viruses, a recombinant vaccinia TianTan strain (rTTV-E1E2) and a recombinant adeno-associated virus (rAAV-E1E2), which similarly encode HCV E1 and E2. The optimal prime-boost regimen was evaluated in BALB/c mice.
Materials and methods

Generation of vaccine candidates
The C/E1/E2 region of HCV (aa 1-746, NCBI accession no. L02836 [12] ) was inserted into pVRC [6] and pAAV [13, 14] vectors to construct prime DNA vaccine candidates pVRC-CE1E2 and pAAV-CE1E2 (Fig. 1) .
The original TTV strain and dual-promoter insertion vector pJSA1175 were derived in our lab [15, 16] . The HCV E1E2 gene (aa 173-746, genotype 1b) was inserted into the SmaI site of the pJSA1175 vector. The rTTV was produced by transfection of pJSA1175 into CEF cells that were infected by TTV and was designated rTTV-E1E2 (Fig. 1) .
To generate the rAAV-E1E2, the same HCV E1E2 cDNA was inserted into the pAAV2 neo vector (Fig. 1) . Large-scale rAAV production and purification were described previously [13, 14] , and the viral titer was determined by dot blot DNA analysis. Titers are given as vector genomes (vg) per milliliter.
Animals and immunization
Nine groups of female BALB/c mice (6-8 weeks old) were immunized as described in Table 1 . The Animal Care and Use Committees of the China CDC approved all protocols for the animal experiments.
Immune response analysis of vaccinated mice
A synthetic peptide representing HCV E2 (aa 384-413) of genotype 1b and a mixture of four synthetic HCV E1 peptides (1, YEVRNVSGIYHVTNDCSNSS; 2, PGCVPCVREGNSSRCWVALT; 3, REGNSSRCWVALTPTLAARNATI, and 4, PRRYETIQDCNCSIYPG) representing the E1 linear conserved B-cell epitopes among HCV genotypes were coated onto enzyme-linked immunosorbent assay (ELISA) plates to assess the antibody response [17, 18] . IgG titers were expressed as OD values measured at 405 nm.
Quantification of HCV-specific IFN-␥ secreting cells was calculated via an ELIspot assay. A mixture of CTL peptides (H-2 D b-restricted; New England Biolabs, Ipswich, MA) was used for stimulation: E1, GHRMAWDM (aa 315-322); E2, SGPSQKIQLV (aa 405-414); E2, PPQANWFGCTWMNSTGFTKT (aa 544-563), and E2, RLWHYPCTI (aa 614-622). A human immunodeficiency virus peptide (RIQRGPGRAFVTIGK) was used as a control [19] [20] [21] . ELIspot kits were purchased from BD PharMingen (San Diego, CA). The results are presented as the mean ELIspot positive cells/million cells ± SD for each group.
Data analysis
Significant differences between the experimental and control groups were evaluated using a two-tailed Fisher's exact test (release 12.1; SPSS Inc., Chicago, IL). Differences were considered significant at p < 0.05.
Results
Confirmation on the expression of HCV structural proteins
Plasmids pVRC-CE1E2 and pAAV-CE1E2 were transfected to 293 cells and their expressions were evaluated after 48 h by immunocellular staining and Western blot analysis. Similarly, rTTV-E1E2 and rAAV-E1E2 infected cells were also evaluated by the same approach. All four constructs expressed HCV proteins well (data not showed).
Humoral immune responses of all prime-boost regimens
To optimize the prime-boost regimen, a series of prime-boost regimes were performed in BALB/c mice as listed in Table 1 . Sera from immunized mice were sampled and pooled at week 39 and tested via ELISA for antibodies in response to the HCV structural proteins. As shown in Fig. 2A , the strongest humoral response was induced by the regimen consisting of pAAV-CE1E2 prime and rTTV-E1E2 boost, in the third group. The titer from this regimen was 1.12 at the 1:100 dilution, and the antibody titer remained as high as 0.34 at the 1:800 dilution. The second best humoral response was induced by the regimen consisting of pVRC-CE1E2 prime and rTTV-E1E2 boost from the second group, in which the titer was 0.98 at the 1:100 dilution and 0.21 at the 1:800 dilution. The third strongest humoral response was induced by the regimen consisting of pAAV-CE1E2 prime and no boost, also from the third group; the titer was 0.53 at the 1:100 dilution and decreased to the background level at the 1:800 dilution. The remaining regimens did not raise sufficient humoral responses in this study. Our data suggest that the pAAV-CE1E2 plasmid is the best choice for prime, and that rTTV-E1E2 is the best choice for the boost; although pVRC-CE1E2 alone could not induce a high enough humoral response at the time point blood Prime-boost regimens were divided into 3 groups (3 subgroups of each, 6 mice/subgroup). The plasmid DNA prime were inoculated in 0, 2, 4 weeks with dose of 50 g, followed by the recombinant virus boost in 20 weeks with 10 7 pfu of rTTV-E1E2 or 10 11 vector genomes (vg) of rAAV-E1E2, respectively. samples were taken, the rTTV-E1E2 may even boost the humoral response to a fairly high level ( Fig. 2A) .
Cellular immune responses of all prime-boost regimens
To evaluate the duration of CD8 + T-cell responses induced by our prime-boost regimen, an IFN-␥ ELISpot assay was performed at 39 weeks after primary injection (19 weeks after the last boost). Meanwhile, the capacity of viral vector injection to recall memory responses was explored via the same assays at 16 weeks after the last prime DNA vaccination.
The number of IFN-␥-secreting T-cells was determined by counting spot-forming cells (SFCs). The mice immunized with the pAAV-CE1E2 prime and rTTV-E1E2 boost regimen had the most IFN-␥-secreting T-cells (121 ± 20; Fig. 2B ). Similarly, mice immunized with the pVRC-CE1E2 prime and rTTV-E1E2 boost regimen had the second highest number of IFN-␥-secreting T-cells (76 ± 18; Fig. 2B ). Unlike the antibody response to HCV, SFCs of the mice injected with pAAV-CE1E2 were similar to that of the control group (Fig. 2B) . These results suggest that the pAAV-CE1E2 prime and rTTV-E1E2 boost is the best regimen to increase a robust long-term cellular immune response. Furthermore, our study revealed that rTTV-E1E2 is a better boost method to induce both humoral and cellular immune response.
Discussion
To induce a strong and long-term protective T-cell response, priming of the host immune system is critical and the optimizations of vaccine candidates and prime-boost regimes are also important [7] [8] [9] . In this study, we evaluated the immune response of several vaccine candidates to explore the regimen that may induce an effective long-term T-cell response to the HCV envelope proteins in BALB/c mice. Our results demonstrated that priming with pAAV-CE1E2 followed by rTTV-E1E2 boosting induces a strong long-term T-cell response.
A previous study found that a DNA vaccine containing an ITR of AAV increased immunity to HIV [13] . To optimize our vaccination, we constructed pVRC-CE1E2 (which had no ITR sequence) and pAAV-CE1E2 (which contained an ITR sequence). Our results indicate that pAAV-CE1E2 is better than pVRC-CE1E2 as a priming candidate, suggesting that the ITR can improve and extend the T-cell response to HCV. Recombinant vaccinia viruses (rVVs) were generated in the early 1980s and shown to be capable of inducing protective T-cell responses in small animals [22] , meanwhile, the rVVs have many advantages for immunization [7, 9] . We selected a highly replicating rTTV as a boosting vaccine since it might induce long-lasting immune responses via a single dose and its safety is well documented for a large population. Compared to rTTV-E1E2 boosting, rAAV-E1E2 elicited a much lower T-cell response, which was consistent with the recent reports that AAV may impair the T-cell response in certain situations [23] .
The duration of T-cell responses has been assessed in several studies of DNA-MVA immunization regimes in small animals. Complete protection at 3.5 months after priming was reported with an adenovirus-vaccinia immunization regime in the Plasmodium yoelii model [24] , in which better immunogenicity and protection were observed after increasing the interval between priming and boosting from 2 to 8 weeks. A study on the durability of T-cell responses to different prime-boost regimes would be valuable; our results showed that priming with pVRC-CE1E2 or pAAV-CE1E2 followed by rTTV-E1E2 boosting might elicit sustained, potent T-cell responses in mice, even when the priming-boosting interval is as long as 16 weeks.
Current HCV vaccine developments have focused mainly on strength and cross-protection, but long-term assessments of the T-cell response are limited [2, 3, [17] [18] [19] [20] [21] . Although our assessment is not sufficiently comprehensive, our data did provide an information of long-term T-cell responses to HCV in BALB/c mice at 19 weeks after the boosting.
